Abstract Solubility of phenolics of mango ginger extract in supercritical carbon dioxide was studied at 40-60°C and 100-350 bar. Critical temperature, critical pressure and critical volume of caffeic acid, the principal component of the extract were calculated using group contribution methods and compared with the values obtained by CHEMDRAW®. Vapor pressure of caffeic acid was predicted by Reidel method. Solubility prediction in supercritical carbon dioxide was studied using two different equation of states (EOS) models and eight empirical models. Peng-Robinson EOS predicted the solubility very well with average deviation of 0.68 % from the experimental solubility. Empirical equations based on the simple error minimization using non-linear regression method which do not require complex physiochemical properties was also found suitable to predict the solubility at different extraction conditions. Jouyban et al. model showed very less deviation (2.25 %) for predicted solubility values from the experiment.
Introduction
Curcuma amada Roxb popularly known as mango ginger belongs to the family Zingiberaceae. The plant is widely cultivated in India apart from Malaysia, China, Bangladesh, Myanmar, Thailand, Japan and Australia (Sasikumar 2005) . It is a unique spice morphologically similar to ginger but imparts mango flavor (Policegoudra et al. 2011) . They are widely used in the preparation of culinary items such as pickles, sauces etc. in Indian subcontinent because of its exotic aroma. Nearly, sixty-eight compounds were identified from the steam distilled volatile oil of the rhizome (Rao et al. 1989 ). In the Indian system medicine, Ayurveda, the plant is given importance as appetizer, alexiteric, antipyretic, aphrodisiac and laxative properties (CSIR Council of Scientific and Industrial Research 1950) . The extract of rhizome exhibited antimicrobial, antifungal and anthelmintic activity against tape worms. It is also rich major components including starch, phenolic acids, volatile oils, curcuminoids and terpenoids like difurocumenonol, amadannulen and amadaldehyde (Policegoudra et al. 2011) . Many aspects of processing like drying (Krishna Murthy and Manohar 2013a) , grinding (Krishna Murthy and Manohar 2013b) and extraction (Krishna Murthy and Manohar 2014) of mango ginger have been studied by the authors. Extraction of mango ginger for its bioactives on a commercial scale is not in practice and such extraction shall result in value-added products.
Supercritical carbon dioxide (SC-CO 2 ) is a highly promising solvent due to its relatively low critical temperature and pressure, high solvent power, high diffusivity, low viscosity and low surface tension. SC-CO 2 has an added advantage of being non-toxic and non-flammable as compared to many organic solvents that are reported to be carcinogenic (Yeoh et al. 2013) . SC-CO 2 can be removed and recovered from the extracts after processing by simple condensation at room temperature. The extraction efficiency and selectivity can be enhanced by tuning pressure and/or temperature (Hojjati et al. 2009; Jafari et al. 2010) . It is necessary to know the thermodynamic critical properties of bioactive components for adequate design of reactors and separation equipment involved in supercritical fluid extraction (SCFE) and in enhancement of yield of the nutraceuticals. Properties like critical volume, critical pressure, critical temperature, melting point, boiling point, compressibility factor and acentric factor are of practical importance as they are the basis for the estimation of solubility of pure component or mixture in supercritical fluid (SCF) by equation of state (Henderson et al. 2004) . Commercial feasibility of most of the SCFE extraction process depends on solubility of the desired component in the supercritical fluid. Solubility affects yield of extraction, cost of processing and also the particle size and morphology of the product obtained (Yeoh et al. 2013) . Critical properties of pure and simple compounds such as CO 2 , water etc., are available in literature (McHugh and Krukonis 1994) . Due to complex nature and instability of bioactive components at or near the critical temperature, experimental measurements of their critical properties are extremely difficult, if not impossible. It is therefore very important that prediction methods that are reliable and having low probability in failure when extrapolated be followed (Li and Kiran 1990) . Group Contribution methods use basic structural information of a chemical molecule like a list of simple functional groups, adds parameters to these functional groups, and calculates thermo-physical and transport properties as a function of the sum of group parameters. Since 1950s, numerous methods have been developed for the estimation of critical properties. In the absence of experimental data available, Group contribution method of predicting critical properties is the most reliable one. Various group contribution methods generally used are Lydersen, Ambrose, Klincewicz-Reid, Joback method (Poling et al. 2000) . Van (Manohar 2010) .
Empirical models often applied for modeling of solubility of solids in supercritical fluids are density based models. These models do not require physicochemical data like critical properties, accentric factor, vapor pressure etc. as in the case of equation of state models. (Škerget et al. 2011)) . A recent review covers various aspects of solubility measurement and mathematical models explaining solubility relations (Yeoh et al. 2013 ).
The present investigation aims to a) estimate the critical properties of the mango ginger phenolics (mainly, caffeic acid) by various group contribution method b) estimate the vapor pressure of caffeic acid at various temperatures and c) predict the solubility of mango ginger extract in terms of caffeic acid phenolics using well known Equation of State and empirical models.
Materials and method

Mango ginger
Fresh and matured mango ginger rhizomes were purchased from local market, Mysore, India. The moisture content of fresh rhizome was estimated by toluene distillation method (ASTA American Spice Trade Association 1985).
Chemicals
Food grade CO 2 (99.99 % pure) for extraction was procured from Kiran Corporation, Mysore, Karnataka, India. Gallic acid, tannic acid, caffeic acid, protocatechuic acid, pcoumaric acid, cinnamic acid, ferulic acid, syringic acid were purchased from Sigma-Aldrich Fine Chemicals (St.Louis, MO, USA). HPLC grade water, methanol and acetic acid were from Merk, Mumbai, India. Folin-Ciocalteu reagent was purchased from LobaChemie (Mumbai, India). All other chemicals were analytical grade.
Powder preparation
The rhizomes were washed to remove adhered soil and a slicing machine (M/s Robot coupe, USA, Model: CL 50 Gourmet) was used to slice rhizomes. The slices were dried at 45±2°C in low temperature low humidity dryer. The dried rhizomes were ground in hammer mill (M/s Apex, USA).
Particle size measurement About 0.5 g of powdered material was dispersed in 5 ml water and placed in glass cuvette of the computerized particle size analyzer (Model: CIS-100, M/s Galai Production Ltd., Israel) which measures particle size distribution based on the principle of laser obscuration time (also known as Time-ofTransition). The volume mean particle size was determined by the built-in software.
Supercritical carbon-dioxide extraction
For all extraction experiments, high-pressure equipment (NOVA Swiss WERKE AG, EX 1000-1.4-1.2 type, Switzerland) designed to work up to 1000 bar and temperature up to 100°C was used. The mango ginger powder was loaded into the extraction vessel of 1.1 L capacity. Experiments were conducted at different pressures (100-350 bar), temperature (40-60°C). After attaining the desired temperature, the CO 2 which had been compressed to the set pressure was allowed into the extractor. The average flow rate was maintained at 1.8-2.0 kg/h. A fraction of extract was collected from the separator at definite time intervals and the weight of the extract was recorded and samples taken for further analysis.
Phenolic acid analysis
Total phenolic content of extracts were measured according to Folin-Dennis method (Singleton and Rossi 1965) . 200 μg of extract was dissolved in 500 μl of methanol and the sample was incubated with 2.5 ml of 10 % Folin and Ciocalteu's phenol reagent for 2 min at room temperature. To this mixture 2 ml of 7.5 % (w/s) Na 2 CO 3 was added and incubated for 1 h at room temperature. The absorbance was measured at 765 nm against a blank developed with 0.5 ml solvent using a UVVisible spectrophotometer (model UV-160A, Shimadzu Corporation, Japan). Total phenolic content in the extract was expressed as gallic acid equivalents (GAE).
Measurement of experimental solubility
The solubility of mango ginger phenolics at each extraction condition of temperature and pressures were calculated from the initial slope of the linear sections of the extraction curves of phenolics (kg) vs CO 2 consumed (kg). Experimental solubility was calculated in kg phenolics/kg CO 2 and converted to mole fraction units as required in equation of state models (Manohar and Sankar 2011; Liang and Yeh 1991) .
Estimation of critical properties by group contribution method
Critical temperature, pressure and volume
The critical temperature is an important parameter in determining the phase boundaries of any compound and is a required input parameter for most phase equilibrium thermal property or volumetric property calculations using analytic equations of state or the theorem of corresponding states. A recent review analyzed various aspects and types of group contribution methods available in literature (Kolska et al. 2012) . Only well known Lydersen (Lydersen 1955 ), Ambrose (Ambrose 1978) , Joback (Joback 1984) and Klincewicz-Reid (Klincewicz and Reid 1984) methods have been used for estimation of critical temperature, critical pressure and critical volume in the present study. Equations pertaining to all the four methods for predicting critical properties are given in Table. 1.
Normal boiling point (T B )
Generally measurements of boiling points are made at lower pressures for compounds with extremely high boiling temperature or for compounds that decompose before they boil at atmospheric pressure. Joback (1984) developed a method for normal boiling point which depends on structure only. The Joback's equation (Eq.1) is as below:
Where ΔT BJ =Group Contributions for boiling point.
Vapor Pressure
Vapor pressure is a very useful property that determines the feasibility of separation of the components under separation processes such as distillation. The vapor pressure is the pressure exerted by a pure component at equilibrium at any temperature when both liquid and vapor phases exist and thus extends from a minimum at the triple point temperature to a maximum at the critical temperature, the critical pressure.
Among the various equations available for prediction of vapor pressure, the most important is the Riedel (Riedel 1954) method which is given below:
where correlation functions S 1 (T r ), S 3 (T r ) and S 4 (T r ) are given by:
Where
where T r , reduced temperature (T/T C ); T, temperature of interest; T rb =reduced temperature at normal boiling temperature (T B / T C ) and S 1 , S 2 , S 3 , S 4 , S 21 , S 22 are constants as defined in equations above.
Mathematical modeling of solubility prediction
Equation of state (EOS)
Equations of state are used to describe the thermodynamic states through the relationship of state parameters such as temperature, pressure, and volume. In SCFE processing, EOS describes the behavior of solute being dissolved in supercritical fluids. The solubility of a substance (component 2) in a supercritical fluid (component 1) can be obtained from fluid-solid phase equilibria. The subscripts 1 and 2 in the following derivations denote components CO 2 and solute (caffeic acid in the present work). At equilibrium, the fugacities of the components in the solid and gas phases are equal, i.e.: fugacity of solute in the gas phase; P is the pressure; T is the temperature; x and y are mole fractions. If the gas component 1 is assumed to be insoluble in solid phase (true in most of the cases), then
where, ϕ is the fugacity coefficient; V molar volume; R is the universal gas constant; superscripts s and sat denote solid and saturated conditions respectively. From above equations, one can obtain:
where E is the enhancement factor which is the ratio of the solubility of the solute in super critical fluid to the solubility in an ideal gas. i.e. E ¼ A general form of the Peng-Robinson equation is:
The above can be written as:
The above equation leads to:
Soave-Redlich-Kwong equation of state (SRK-EOS) is:
The above can also be written as:
The above equation leads to
a is intermolecular attraction parameter and b is co volume parameter When the equation is extended to mixtures, the following mixing rule is employed:
where a ij and b ij are calculated from combining rules:
where k ij and n ij are the adjustable binary interaction parameters. The adjustable parameters are determined by regressing phase equilibrium data and assumed to be independent of temperature, pressure and composition. It may be noted that these parameters can take negative values and accordingly, the software program should be allowed to adjust these values suitably. Many authors have used single binary interaction parameter k ij in their works. However, a second adjustable mixture parameter n ij is also used in the present study, since n ij can account for the large size disparity between a heavy nonvolatile solute and a light SCF solvent (Mchugh and Krukonis 1994) . For pure components, "a" and "b" parameters are calculated from critical constants T c , P c and acentric factor, ω depending on the type of EOS. For, PR-EOS,
For SRK-EOS,
The computer program obtains the optimum k ij and n ij value by simple optimization technique using the built-in Solver Add-in in Microsoft Excel-2003 which gives minimum average absolute relative deviation (AARD) between experimental and calculated values of solubility:
where N is the number of experiments, y cal and y exp are the calculated and experimental solubilities of solute components respectively. When the extract is assumed as a single pseudo-component, T C , P C , ω, P sat of the extract is considered to be sum of AARD is then calculated. If AARD is not within tolerance limit set by the program, the procedure is repeated so that one obtains the optimal k ij and n ij parameters.
A program is written in MS-Excel® incorporating the above steps to calculate the solubility with minimum deviation from experimental solubility data (Manohar and Sankar 2011; Manohar 2010 ).
Empirical models
The solubility (S) of the compound increases with increasing density (ρ) of CO 2 fluid shows a linear relationship:
Chrastil model (Chrastil 1982 ) is one of the popular density based empirical equations to determine solute's solubility in supercritical fluids:
The above model correlated the solubility of a solute in SC-CO 2 to the density and temperature where k is an association number which represents the average number of CO 2 molecules in the solvated complex, the constant 'a' depends on vaporization and salvation enthalpies of solute and the constant 'b' depends upon molecular weight of solute and molecular weight of supercritical fluid (Jouyban et al. 2002; Hojjati et al. 2009 ). Eight empirical density based models which have been used by researchers in SCF were selected for predicting the solubility of mango ginger extract in SC-CO 2 and presented in Table 2 . To provide a reliable accuracy criterion to compare the models, average absolute relative deviation (AARD) values were used, which is calculated by
Where N is no of data points, Y exp is experimental solubility and Y pre is model predicted solubility. 
Results and discussion
The initial moisture content fresh mango ginger was found to be 90±0.5 % (wb) and the mean particle size of the powder was 480±40 μm.
Critical properties of caffeic acid
Functional groups along with structure of caffeic acid are presented in Table 3 . The values of group contributions for caffeic acid as per Lydersen, Ambrose, Klincewicz-Reid and Joback methods are presented in Table S1 -S4. Values of critical properties of caffeic acid were obtained on substituting these values in suitable group contribution equations. The values of T C , P C , V C were calculated from the four group contribution and simplified Klincewicz-Reid method. The values obtained so were compared with the CHEMDRAW® (www. chembridgesoft.com) values and presented in Table 4 .
Joback is the only group contribution method for calculating normal boiling point and melting point. Vapor pressure-temperature relationship
Vapor pressure of caffeic acid predicted at different temperatures using the Riedel method (Eq.2) is shown in Fig. 1 . The vapor pressure increased rapidly with temperature at high temperature regions. This behavior plays an important role in the determination of solubility of the phenolics in SC-CO 2 despite the low density of CO 2 at higher temperatures.
Solubility prediction of mango ginger extract by EOS
Caffeic acid has been identified as a major phenolic acid present in mango ginger extract as reported in an earlier work by the (Fig. 2) . The polar nature of phenolics makes it poorly soluble in SC-CO 2 . In the present study, the total phenolics is assumed to consist of caffeic acid entirely in the prediction models such PR and SRK-EOS. Values of enhancement factors and interaction parameters for caffeic acid based on PR-EOS and SRK-EOS are in Table 5 . An enhancement factor for caffeic acid was found to be high due to deviation from ideal gas behavior and indicates the non-ideal behavior. The binary interaction parameter k ij is associated with the intermolecular interaction between a pair of unlike species. The values are positive for PR-EOS and negative for SRK-EOS. Negative value indicates the presence of specific chemical interactions such as hydrogen bonding (McHugh and Krukonis 1994) . The AARD between experimental and predicted values for solubility of caffeic acid according to PR-EOS and SRK-EOS was 0.68 and 11.12 % respectively indicating that PR-EOS is the best in predicting the solubility. The results showed the solubility increased with increase in the pressure at constant temperature due to increase in the density of CO 2 and solvent power at each pressure increases. Similar behavior has been reported on solubility of phenolics (Chafer et al. 2007) . With increased density the intermolecular distance is decreased, therefore the solute-solvent interactions are increased. As the temperature increased the solubility decreased significantly at lower pressures. The low values of solubilities of phenolics at lower pressures have been reported (Chafer et al. 2007) . But this trend has been reversed at higher pressure and temperature. This happened due to increase in the solute vapour pressure at higher temperature even though density of CO 2 is less at higher temperature at a constant pressure. Solute vapor pressure dominates resulting in increased solubilities at higher pressure and temperature. The behavior known cross-over phenomena which is a result of mutual competition of the solvent density and solute vapor pressure effects in combination has been observed in the case of naphthalene-ethylene (McHugh and Krukonis 1994), phenolics-CO 2 (Murga et al. 2002) , caffeine-CO 2 (Kim et al. 2008 ) and Resorcinol -CO 2 systems (Reddy and Madras 2011) .
Solubility prediction of mango ginger extract by empirical models Parameters of the selected empirical models obtained by the multiple regression using Data Analysis in Microsoft Excel® along with their AARD are provided in Table 6 . All the models except Model 3 and Model 8 regressed very well with experimental data (AARD less than 10 %). Model 5 shows the least deviation from the experimental values. One can observe from Table 6 that merely increasing number of parameters of the models did not improve the quality of regression. Chrastil model (Model 1 in Table 6 ), a semi-empirical model, has theoretical backing and correlated well with experimental values (AARD, 8.40 %). The Chrastil model has been found to predict solubilities of 58 pure pharmaceutical compounds in SC-CO 2 well that includes caffeic acid also (Taberneroa et al. 2013 ). From the above models it is possible to calculate solute Table 2 solubility at temperatures between 40 and 60°C and pressure between 100 and 350 bar using an interpolation technique. These models could be employed in practice to simulate the solubility data in SC-CO 2 . It is obvious that single empirical model cannot be appropriate in every case, which could be considered as one possible disadvantage of employing empirical models.
Conclusion
Based on the different group contribution method, critical properties of caffeic acid, the principal component of mango ginger extract was estimated. Experimental solubility of caffeic acid in SC-CO 2 was measured at temperatures 40-60°C and pressures 100-350 bar. The experimental solubility of caffeic acid in the range 9.77 × 10 −8 to 1.22 × 10
could be well predicted by the theoretical equation of state model PR-EOS with very less average deviation (0.68 %) from experimental solubility data. The enhancement factors are very high due to non-ideal behavior of caffeic acid. Solubility could also be predicted by the empirical equations proposed by previous researchers with AARD less than 2.28 %. Due to simplicity of empirical models over theoretical models in solubility prediction, empirical models could be employed to predict the solubility of mango ginger extract in the range of pressure and temperature employed.
